Background {#Sec1}
==========

Endophthalmitis is a serious infection of the posterior segment of the eye which occurs from introduction of microbes following a surgical procedure (post-operative endophthalmitis \[POE\]), a traumatic penetrating injury (post-traumatic endophthalmitis \[PTE\]), or bloodstream spread from an infection of a distant site in the body (endogenous endophthalmitis \[EE\]) \[[@CR1]--[@CR3]\]. Bacterial endophthalmitis is considered a medical emergency and often results in poor visual outcomes \[[@CR4]\]. Much of the intraocular damage in endophthalmitis is due, in part, to the host inflammatory response \[[@CR5]--[@CR9]\]. Immediate and aggressive intervention to stop the progression of the disease is critical to salvaging vision. There is currently no universal therapeutic regimen which prevents the significant inflammation and vision loss associated with severe forms of endophthalmitis.

The Gram-positive pathogen *Bacillus cereus* is a leading cause of PTE and EE. PTE infections due to *B. cereus* progress rapidly and result in a fulminant endophthalmitis characterized by severe intraocular inflammation, eye pain, and loss of visual acuity within hours \[[@CR1]--[@CR4]\]. Complete blindness can result in 1 or 2 days, and in nearly half of these infections, evisceration or enucleation is required to salvage healthy tissue in the orbit \[[@CR10]\]. The severity and rapid progression of this infection has been recapitulated in a mouse model \[[@CR1], [@CR2], [@CR6]--[@CR9]\]. Infection of mouse eyes with as few as 100 colony-forming units (CFU) of *B. cereus* results in significant inflammation and loss of visual function within hours, similar to that observed in human infections. Because inflammation in the eye causes damage to non-regenerative neural structures, it is important to identify host factors that lead to the events that contribute to this bystander damage.

Robust inflammation in response to intraocular bacterial infection is triggered by the early recognition of cellular components via a class of pattern recognition receptors called Toll-like receptors (TLRs) that are expressed on host cells \[[@CR11], [@CR12]\]. Parkunan et al. recently published findings implicating the TLR4/TRIF/MYD88 axis in intraocular *B. cereus* infections \[[@CR8]\]. *B. cereus* infected eyes of TLR4^−/−^ mice had significantly less polymorphonuclear leukocytes (PMN) influx and reduced concentrations of four inflammatory mediators relative to infected eyes of C57BL/6 J wild type mice. These parameters correlated with a significant retention of retinal function. These results suggested that the inflammatory cascade in *B. cereus* endophthalmitis is initiated, in part, by TLR4 signaling through a potentially novel TLR4 ligand either expressed or induced by *B. cereus* \[[@CR8]\].

The attenuated course of infection observed in TLR4^−/−^ mice implicated downstream mediators of the TLR4 pathway as important in the robust, early response in eyes infected with *B. cereus* \[[@CR8]\]. In the current study, we sought to identify host TLR4-dependent factors upregulated in response to *B. cereus* intraocular infection. Based on previous observations of a less severe inflammatory response in TLR4^−/−^ mice \[[@CR8]\], we hypothesized that the retinal gene expression profile would be significantly different between TLR4-deficient mice and C57BL/6 J mice following infection. Microarray analysis identified 15 genes involved in the acute inflammatory response, neutrophil recruitment, photoreceptor cell survival, and pathogen recognition and clearance that were upregulated 5-fold or greater in infected C57BL/6 J wild type mice compared to their levels in uninfected control mice (Table [1](#Tab1){ref-type="table"}). The expression of 14 out of 15 of these genes was found to be unaltered in TLR4^−/−^ mice relative to uninfected controls, indicating their dependency on TLR4 (Table [1](#Tab1){ref-type="table"}). These genes included key mediators in neutrophil recruitment, and activation of photoreceptor survival and pathogen clearance mechanisms in response to *B. cereus* infection. These results further suggest that the TLR4 pathway might serve as a target for new anti-inflammatory treatments critically needed to not only control the explosive inflammation seen in *B. cereus* ocular infection, but also ocular infections due to *Klebsiella pneumoniae* and other Gram negative pathogens.Table 1Microarray analysis of retinal genes upregulated 5-fold and higher 4 h postinfection with *B. cereus* ATCC14579Gene symbolGene titleRefSeq Transcript IDFold-Change\
(C57BL6/J infected versus uninfected)*p*-valueFold-Change\
(TLR4^−/−^ infected versus uninfected)*p*-valueCXCL1chemokine (C-X-C motif) ligand 1NM_008176340.0106NCNSCXCL2chemokine (C-X-C motif) ligand 2NM_009140290.0225NCNSIL-6interleukin 6NM_031168250.0114NCNSCXCL10chemokine (C-X-C motif) ligand 10NM_021274210.0328NCNSCCL2chemokine (C-C motif) ligand 2NM_011333200.0355NCNSCCL3chemokine (C-C motif) ligand 3NM_011337160.000650.0446PTX3pentraxin related geneNM_008987150.0376NCNSICAM1intercellular adhesion molecule 1NM_010493110.0026NCNSSOCS3suppressor of cytokine signaling 3NM_007707100.0034NCNSCYR61cysteine rich protein 61NM_010516100.0116NCNSMOBPmyelin-associated oligodendrocytic basic proteinNM_008614NCNS100.0270MBPmyelin basic proteinNM_001025245NCNS100.0223PTGS2prostaglandin-endoperoxide synthase 2NM_01119890.0027NCNSSTEAP4STEAP family member 4NM_05409860.0116NCNSLIFleukemia inhibitory factorNM_00850160.0055NCNSCH25Hcholesterol 25-hydroxylaseNM_00989060.0232NCNSPLP1proteolipid protein (myelin) 1NM_011123NCNS60.0236EGR2early growth response 2NM_01011850.0062NCNSThe fold changes of retinal genes in C57BL6/J mouse eyes and TLR4−/− mouse eyes after infection relative to the uninfected, contralateral eye are shown. Levels of significance were determined using ANOVA and *p* \< 0.05 was considered significant*NC* no change, *NS* not significant

Methods {#Sec2}
=======

Animals and ethics statement {#Sec3}
----------------------------

*This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Institutional Animal Care and Use Committee of the University of Oklahoma Health Sciences Center (protocol number 16--086).* Six week old C57BL/6 J (wild type) mice were acquired from the Jackson Laboratory (Catalog 000664, Bar Harbor ME) and age-matched, homozygous TLR4^−/−^ mice on the C57BL/6 J background were acquired from Eric Perlman, Case Western University, with the permission of S. Akira \[[@CR13]\]. Mice were allowed to adjust to conventional housing 2 weeks prior to injection to equilibrate their microbiota. Mice were anesthetized with a cocktail of 85 mg ketamine/kg and 14 mg xylazine/kg prior to injections of bacteria. Mice were euthanized by CO2 inhalation.

Experimental *B. cereus* endophthalmitis {#Sec4}
----------------------------------------

Wildtype *B. cereus* ATCC 14579 was grown to early stationary phase in BHI broth for 18 h and diluted to 100 CFU/0.5 μl for injection into the mid-vitreous of right eyes. The left eyes served as uninjected controls \[[@CR5]--[@CR9]\].

Microarray analysis of retinal gene expression {#Sec5}
----------------------------------------------

At 4 h postinfection, retinas were dissected from all eyes and were immediately frozen. Total RNAs were isolated from the frozen retinas using the Qiagen RNeasy Mini kit (Qiagen, Valenica, CA) following the manufacture's instruction with on-column DNase treatment. RNA concentrations were measured using a Nanodrop ND-1000 Spectrophotometer and RNA quality was verified with an Agilent 2100 Bioanalyzer using an RNA Nano Chip. All RNA samples displaying no visible degradation in the Bioanalyzer analysis with two sharp ribosomal peaks were deemed acceptable for further processing. Affymetrix's GeneChip IVT Express kit was used for cDNA synthesis and in vitro transcription. Affymetrix GeneChip Mouse Genome 430 2.0 Array was used in this study and the raw image was acquired by scanning the arrays using GeneChip scanner. Multiple files were generated and exported by Affymetrix's software Command console. These files were used for subsequent Bioinformatics analysis. Data analysis was performed using Partek's Genomics Suite software (Partek Inc., St. Louis, Missouri). A 5-fold change in gene expression and *p* \< 0.05 threshold were selected as the criteria for comparative array analyses. Arrays were performed in duplicate on independently obtained RNA samples (SeqWright Genomic Services, Houston, TX).

RNA preparation for quantitative real time PCR {#Sec6}
----------------------------------------------

At 4 h postinfection, infected and uninfected mice were euthanized and the retinal tissue harvested. Retinal tissue was placed in a 1.5 ml screw-cap tube containing 500 μl Sigma Tri reagent and 500 μl 1.0 mm glass beads (Biospec Products, Bartlesville, OK). After homogenization at 5000 rpm for 60 s, the supernatant was transferred to a sterile, nuclease free tube containing 200 μl chloroform and then mixed, incubated on ice, and centrifuged. The supernatant was added to 500 μl isopropyl alcohol and placed at -80 °C for 2 h to precipitate RNA. After centrifugation at 14,000 rpm for 20 min at 4 °C, the supernatant was discarded, the pellet washed with 500 μl 75% ethanol, and vortexed to resuspend the pellet. Following centrifugation at 12,000 rpm for 15 min at 4 °C, the supernatant was discarded and the pellet dried and then resuspended in 25 μl nuclease-free water. The concentration and purity were checked on a Nanodrop spectrophotometer and if necessary DNA contamination removed using the TURBO DNA free kit per the manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA).

Quantitative real time PCR analysis {#Sec7}
-----------------------------------

Total RNA was isolated and an aliquot of 50 ng of RNA was subjected to qPCR using the iTaq™ Universal SYBR^®^ Green One-Step kit (Bio-Rad, Hercules, CA), PrimeTime^®^ qPCR primers (Integrated DNA Technologies, Inc., Coralville, Iowa) specific to the mouse genes shown in Table [2](#Tab2){ref-type="table"} such that each primer was present in a final concentration of 300 nM, and a Bio-Rad^®^ CFX96 Touch™ Real-Time PCR System (Bio-Rad). Primer sequences are listed in Additional file [1](#MOESM1){ref-type="media"}: Table S2. Dissociation curves were used to assess the successful amplification of the desired product, and the threshold cycle (C~T~) was used to determine relative amounts of transcripts between RNA samples from infected and uninfected eyes. Each RNA sample was normalized using an internal actin gene control. Fold increases were calculated by subtracting the C~T~ values of the infected samples from the C~T~ values of the uninfected samples. That value as a power of 2 yielded the fold increase of the transcript from the infected sample relative to the uninfected sample. Eleven genes that were identified by microarray analysis as upregulated 5-fold or greater were chosen for validation. For each gene, qPCR was performed in triplicate on two independently prepared RNA samples. Reported fold increases of transcription represent the mean fold increase ± SD.Table 2Quantitative PCR confirmation of retinal gene expression 4 h postinfection with *B. cereus* ATCC14579Gene symbolC57BL/6 J Fold changeTLR4^−/−^ Fold changeCCL2515 ± 742NCIL-6118 ± 157NCCXCL256 ± 37NCCCL347 ± 31NCPTX332 ± 36NCCXCL130 ± 23NCLIF29 ± 33NCCXCL1027 ± 16NCICAM116 ± 10NCSOCS312 ± 7NCPTGS26 ± 4NCC57BL/6 J fold change values are relative to uninfected C57BL/6 J mice eyes, and TLR4^−/−^ fold change values are relative to uninfected TLR4^−/−^ mice eyes. For each gene, qPCR was performed in triplicate on two independently prepared RNA samples. Significant differences between infected and uninfected eyes were assessed using a Paired T-test, and statistical significance was defined as *p* \< 0.05*NC* no change

Statistics {#Sec8}
----------

Microarray analysis was performed using Partek's Genomics Suite (Partek Inc., St. Louis, Missouri) software to obtain differential gene expression data. All data were normalized using the Robust Multi-array Analysis expression statistical analysis (RMA). Analysis of variance (ANOVA) was used to compare the means of the infected versus uninfected groups. A 5-fold change in gene expression and *p* \< 0.05 threshold were selected as the criteria for comparative array analyses. For analysis of the qPCR data, ΔC~T~ values were calculated by subtracting the CT values of the infected samples from the uninfected samples. Significant differences between the mean ΔC~T~ values from infected and uninfected groups were assessed by a Paired T-test using GraphPad Prism 6.05 (GraphPad Software, Inc., La Jolla CA). Statistical significance was *p* \< 0.05.

Results {#Sec9}
=======

Identification of TLR4-dependent genes upregulated in the retina following *B. cereus* intraocular infection {#Sec10}
------------------------------------------------------------------------------------------------------------

Because *B. cereus* infection of the posterior segment of the eye results in a rapid and vigorous inflammatory response, we sought to identify inflammatory mediators that are expressed early in the course of *B. cereus* infection. RNA was obtained from retinas at 4 h postinfection, which represents a time prior to neutrophil infiltration of the eye. We identified 76 genes whose expression was significantly altered 2-fold or greater in infected eyes relative to control eyes (Additional file [2](#MOESM2){ref-type="media"}: Table S1, Table [1](#Tab1){ref-type="table"}, Fig. [1a](#Fig1){ref-type="fig"}). Figure [1a](#Fig1){ref-type="fig"} depicts a volcano plot analysis of the resultant microarray data (Fig. [1a](#Fig1){ref-type="fig"}). While a 2-fold change in expression represents a common statistical cutoff value, we focused on genes whose expression changed 5-fold or more to identify genes whose expression patterns changed the most dramatically early during infection. The clinical manifestations associated with *B. cereus* ocular infection progress rapidly, therefore genes upregulated to the highest degree early during infection might represent potential treatment targets. We identified 15 genes that were upregulated 5-fold or greater in C57BL6/J mice (Table [1](#Tab1){ref-type="table"}, Figs. [1a](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}).Fig. 1A volcano plot analysis of microarray data derived from C57BL/6 J (**a**) and TLR4^−/−^ (**b**) retinas 4 h postinfection with *B. cereus.* The x-axis indicates the log fold change and the y-axis indicates the negative log10 *p*-value. Each dot represents an individual gene, with blue dots depicting genes 2- to 4.9-fold upregulated, and red dots depicting genes 5-fold or greater upregulated in infected mouse eyes relative to uninfected eyes. Significance was assessed using ANOVA and a *p* value of \< 0.05 was considered significantFig. 2Hierarchical clustering dendogram of genes upregulated 5-fold or greater in control C57BL6/J, uninfected eyes and in C57BL6/J mouse eyes 4 h following infection with *B. cereus* indicating the relatedness of upregulated genes. The horizontal color bar at the bottom of the heat map indicates that different colors in the heap map represent gradients of gene expression levels: red, up-regulated expression; green, down-regulated expression; grey, no difference in gene expression. The branch lengths on the top of the heat map indicate the correlation with which genes were joined, with longer branches indicating a lower correlation

To ascertain whether the expression of these genes was dependent on TLR4, we performed the same experiments described above in TLR4^−/−^ mice. As shown in Fig. [1b](#Fig1){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}, none of the genes identified in wild type retinas at 4 h postinfection were significantly upregulated in TLR4^−/−^ retinas, with the exception of CCL3 (upregulated 5-fold). Conversely, we observed 3 genes that were significantly upregulated in the TLR4^−/−^ retinas but not upregulated in C57BL/6 J wild type mice. Myelin-associated oligodendrocytic basic protein (MOBP) and myelin basic protein (MBP) were upregulated 10-fold, and the proteolipid protein 1 (PLP1) was upregulated 6-fold at 4 h postinfection in infected TLR4^−/−^ eyes (Table [1](#Tab1){ref-type="table"}).

Upregulation of TLR4-dependent inflammatory chemokines and cytokines after *B. cereus* ocular infection {#Sec11}
-------------------------------------------------------------------------------------------------------

Key proinflammatory chemokines and cytokines were identified among the genes showing high level expression after *B. cereus* infection of wild type eyes. These included the inflammatory mediators chemokine (C-X-C motif) ligand 1(CXCL1) (keratinocyte chemoattractant \[KC\]), chemokine (C-X-C motif) ligand 2 (CXCL2) (macrophage inflammatory protein 2-alpha \[MIP2-α\]), chemokine (C-X-C motif) ligand 10(CXCL10) (interferon gamma-induced protein 10 \[IP-10\]), chemokine (C-C motif) ligand 2 (CCL2) (monocyte chemoattractant protein 1 \[MCP1\]), and chemokine (C-C motif) ligand 3 (CCL3) (macrophage inflammatory protein 1-alpha \[MIP1-α\]). These genes were all upregulated more than 16-fold by microarray analysis and are related to the acute proinflammatory response and inflammatory cell recruitment (see Additional file [3](#MOESM3){ref-type="media"}: Figure S1). The expression of CXCL1 was increased 34-fold, CXCL2 was increased 29-fold, and CXCL10 was increased 21-fold in C57BL/6 J mouse eyes when compared to uninfected control eyes. The expression of CCL2 was increased 20-fold and the expression of CCL3 was increased 16-fold. The expression of interleukin 6 (IL-6)**,** a powerful chemoattractant, was increased 25-fold when compared to uninfected control eyes. This group of potent, proinflammatory chemokines and cytokines were the most highly upregulated of all the significantly upregulated genes (Table [1](#Tab1){ref-type="table"}).

Microarray analysis of the 4 h transcriptome in *B. cereus-*infected TLR4^−/−^ retinas demonstrated that only 1 out of 6 of these chemokines and cytokines, CCL3, was significantly upregulated. Quantitative PCR confirmed upregulation of CXCL1, CXCL2, CXCL10, CCL2, CCL3, and IL-6 in wild type C57BL6/J mouse retinas following infection relative to uninfected mouse eyes, but no changes in expression in any of these genes in TLR4^−/−^ mouse retinas 4 h after infection were observed, including CCL3 (Table [2](#Tab2){ref-type="table"}, primer sequences are shown in Additional file [1](#MOESM1){ref-type="media"}: Table S2). There was a 30-fold change in the expression of CXCL1, a 56-fold change in CXCL2 expression, and a 27-fold change in the expression of CXCL10 when compared to uninfected control mice. Further, we demonstrated a 515-fold change in the expression of CCL2, a 47-fold change in CCL3, and a 118-fold change in IL-6 by quantitative PCR (Table [2](#Tab2){ref-type="table"}). The only disagreement between the microarray and qPCR was in CCL3 expression.

Upregulation of TLR4-dependent mediators of neutrophil recruitment and complement activation after *B. cereus* ocular infection {#Sec12}
-------------------------------------------------------------------------------------------------------------------------------

Inflammatory mediators involved in neutrophil recruitment and pathogen recognition and clearance were also significantly upregulated 5-fold or greater by microarray analysis. Intercellular adhesion molecule 1 (ICAM1), an adhesin expressed on endothelium and necessary for neutrophil diapedesis \[[@CR14], [@CR15]\], was upregulated 11-fold (Table [1](#Tab1){ref-type="table"} and Additional file [4](#MOESM4){ref-type="media"}: Figure S2). The extracellular matrix protein, cysteine rich protein 61 (CYR61), was increased 10-fold following infection. CYR61 also plays an important role in adhesion, chemotaxis and migration (Table [1](#Tab1){ref-type="table"} and Additional file [3](#MOESM3){ref-type="media"}: Figure S1) \[[@CR16]\]. The expression of pentraxin 3 (PTX3), which has been shown to activate the classical complement pathway via C1q, and facilitate pathogen recognition and clearance \[[@CR17], [@CR18]\], was increased 15-fold (Table [1](#Tab1){ref-type="table"} and Additional file [3](#MOESM3){ref-type="media"}: Figure S1). Quantitative PCR confirmed upregulation of ICAM1 and PTX3 by 16- and 32-fold, respectively, after *B. cereus* infection of C57BL6/J mice (Table [2](#Tab2){ref-type="table"}). Microarray analysis and qPCR did not detect significant changes in ICAM1, CYR61, or PTX3 transcript levels in TLR4^−/−^ following infection (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}), suggesting the importance of TLR4 in eliciting a neutrophil response and complement activation following *B. cereus* ocular infection.

Upregulation of TLR4-dependent inflammatory regulators after *B. cereus* ocular infection {#Sec13}
-----------------------------------------------------------------------------------------

Regulators of the inflammatory response were also found to be upregulated by greater than 5-fold following intraocular infection with *B. cereus.* The suppressor of cytokine signaling 3 (SOCS3) was upregulated 10-fold in wild type retinas following infection (Table [1](#Tab1){ref-type="table"} and Additional file [5](#MOESM5){ref-type="media"}: Figure S3). SOCS3 regulates signal transducer and activator of transcription 3 (STAT3) activation in response to cytokines \[[@CR19]\]. Leukemia Inhibitory Factor (LIF), an IL-6 regulated neurocytokine was upregulated by 6-fold (Table [1](#Tab1){ref-type="table"} and Additional file [5](#MOESM5){ref-type="media"}: Figure S3). STEAP4 (six transmembrane epithelial antigen of prostate, family member 4), a metalloreductase that plays a role in inflammatory cytokine regulation \[[@CR20]\], was increased by 6-fold (Table [1](#Tab1){ref-type="table"} and Additional file [4](#MOESM4){ref-type="media"}: Figure S2). The transcription factor early growth response 2 gene (EGR2) was upregulated 5-fold (Table [1](#Tab1){ref-type="table"} and Additional file [5](#MOESM5){ref-type="media"}: Figure S3). The cyclooxgenase isoenzyme (COX-2 or PTGS2) and cholesterol 25-hydroxylase (CH25H) were increased by 9- and 6-fold respectively (Table [1](#Tab1){ref-type="table"} and Additional file [3](#MOESM3){ref-type="media"}: Figure S1 and Additional file [5](#MOESM5){ref-type="media"}: Figure S3). Quantitative PCR confirmed the array results for SOCS3, LIF, and PTGS2 (Table [2](#Tab2){ref-type="table"}). Significant changes in these genes were not observed following infection in TLR4^−/−^ mice (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}).

Discussion {#Sec14}
==========

*B. cereus* infection of the eye leads to a rapid and destructive inflammatory response that has devastating consequences for vision. TLR2 and TLR4 are key mediators of the innate immune response to bacterial pathogens during the early stages of endophthalmitis \[[@CR21], [@CR22]\]. TLR2 plays an important role in both *B. cereus* \[[@CR21]\] and *S. aureus* \[[@CR22]\] endophthalmitis. TLR4 also plays a significant role in mediating inflammation in *B. cereus* endophthalmitis \[[@CR8]\] and, as expected, in *Klebsiella pneumoniae* endophthalmitis \[[@CR23]\]. Parkunan et al. \[[@CR8]\] demonstrated an increase in TLR4 mediated chemokines and inflammatory markers following *B. cereus* intraocular infection. Levels of the chemokines CXCL1 (KC), TNF-α (tumor necrosis factor alpha), IL-6, IL-1β were significantly reduced in TLR4^−/−^ mice when compared to wild type mice infected with *B. cereus* \[[@CR8]\]. These findings corroborate our microarray and qPCR results. Our previous studies assessed the expression of a limited set of proinflammatory chemokines and cytokines and used whole globes for analysis, which did not permit identification of the source of proinflammatory mediators. Using a transcriptomics approach, we identified 15 proinflammatory and immunomodulatory TLR4-dependent genes whose expression was increased 5-fold or greater specifically in the retinas of eyes 4 h after infection with *B. cereus*. Since these genes were highly upregulated early during the course of infection, they potentially represent targetable host factors that mediate the initial response to *B. cereus* ocular infection.

In the current study, CXCL1 (KC) was the most highly upregulated gene by microarray analysis in the retinas of eyes infected with *B. cereus*. Quantitative PCR confirmed upregulation of CXCL1. Elevated CXCL1 expression was not surprising, considering its chemoattractant properties and the neutrophil burden observed in the posterior segment following infection \[[@CR9]\]. We also observed upregulation of CXCL2 (MIP-2α), CXCL10 (IP-10), and CCL2 (MCP1) chemokines in these retinas. CXCL2 is highly homologous and shares many of the same roles in acute inflammation as CXCL1, including interaction with the CXCR2 receptor, secretion by monocytes and macrophages**,** and attraction of neutrophils to sites of infection and inflammation \[[@CR24]--[@CR26]\]. CXCL10 is secreted by monocytes, endothelium, and fibroblasts after IFN-γ (interferon gamma) stimulation in response to viral infection, and after LPS stimulation in response to Gram-negative infection. CXCL10 serves as a chemoattractant that recruits monocytes/macrophages, T cells, NK cells, and dendritic cells \[[@CR27], [@CR28]\]. Since CXCL10 production can occur as a result of stimulation by LPS through TLR4 \[[@CR27]\], we hypothesize that the observed upregulation of CXCL10 after *B. cereus* infection may have resulted from the activation of TLR4 by novel ligand. Given that *B. cereus* is a Gram-positive bacterium and does not produce LPS, CXCL10 upregulation might occur due to the activation of TLR4 by another ligand produced or elicited by *B. cereus*. Rajamani et al. did not observe CXCL10 upregulation following intraocular infection with *S. aureus*, however inflammation in this infection is primarily driven by TLR2, and not by TLR4 \[[@CR29]\].

IL-6 expression was upregulated 25-fold in C57BL6/J mice on the microarray analysis relative to uninfected control mice and was not upregulated in TLR4^−/−^ mice relative to uninfected controls. IL-6 is both a proinflammatory chemoattractant and a modulator of inflammation via signaling that increases the expression of TNF-α and IL-1β antagonists. Rajamani et al., demonstrated that IL-6 and IL-1β were both significantly upregulated during *S. aureus* endophthalmitis and suggested that these genes were important for the response to *S. aureus* infection \[[@CR29]\]. Parkunan reported that IL-6 levels were markedly increased at 8 and 12 h postinfection in a TLR4-dependent manner following intraocular infection with *B. cereus* \[[@CR8]\]. In contrast to the findings of Parkunan et al., we did not detect increased levels of TNFα transcript in retinas at 4 h following infection. This suggests that the source of TNFα seen by Parkunan may not be from cells in the retina at this stage of infection, but rather from infiltrating neutrophils, given that cytokine assays were performed on homogenized whole globes \[[@CR8]\]. Neutrophils enter the eye as early as 4 h postinfection with *B. cereus*, but do not infiltrate the retinal layers until approximately 8 h postinfection \[[@CR6]\]. IL-6 is a pro-inflammatory mediator expressed when bacterial recognition induces inflammation via TLR4 activation. While IL-6 has also been shown to be anti-inflammatory due to its ability to induce soluble TNFα and IL-1β receptor antagonist expression \[[@CR30]\], this is unlikely the case in our model, given that neither TNFα or IL-1β expression was altered in the retina at 4 h. The increase in IL-6 seen in our microarray analysis done at 4 h implicates IL-6's inflammatory role as a chemoattractant, while not precluding its role as a signal to downregulate TNF-α and IL-1β expression at a later time point as a means to limit inflammation thus preserving susceptible cells in the retina.

IL-6 is expressed by several cell types in the eye, including RPE cells, ganglion cells, and resident microglia \[[@CR31], [@CR32]\]. Others have reported that levels of IL-6 are markedly increased in the retina upon damage to the optic nerve \[[@CR33]\], while others have reported IL-6 protects mature retinal ganglion cells from pressure-induced death \[[@CR34]\]. In contrast, IL-6 was dispensible for an inflammatory response following *B. cereus* infection of the eye. A similar course of infection, proinflammatory mediator profile, neutrophil infiltration, and architectural changes to the retinal layers were observed in both IL-6^−/−^ and C57BL/6 J eyes \[[@CR9]\]. Redundancy due to additional gp130-dependent cytokines, such as LIF \[[@CR19]\], which is expressed at significantly higher levels in our analysis, might explain why the inflammatory response in IL-6^−/−^ mouse eyes was not significantly dampened following *B. cereus* infection. Additionally, the increased expression of IL-6 seen in this experiment might serve the dual role of helping to initiate the early inflammatory response seen in *B. cereus* endophthalmitis as well as serving to protect sensitive neuroretinal cells by limiting further inflammation and preventing apoptosis, as has been shown in glaucoma models \[[@CR34]\].

CCL2 recruits monocytes, basophils, memory T-cells, and dendritic cells, but not neutrophils or eosinophils \[[@CR35], [@CR36]\], and CCL3 activates neutrophils \[[@CR24]\]. CCL2 and CCL3 are critical to the recruitment of neutrophils in the context of keratitis \[[@CR37]\]. In a mouse model of *Pseudomonas aeruginosa*-induced corneal infection, antibodies directed against CCL2 or CCL3 significantly reduced neutrophil infiltration into the cornea and decreased corneal damage. Both CCL2 and CCL3 were upregulated in the context of TLR4-mediated inflammation after *B. cereus* ocular infection, and their blockade might reduce neutrophil infiltration into the vitreous and decrease damage to the retina.

While the mechanisms of neutrophil infiltration into the eye during endophthalmitis are not completely understood, *S. aureus* is capable of inducing expression of E-selectin and ICAM1 on macrovascular endothelial cells in a rat model of endophthalmitis \[[@CR38]\]. In the current study, we demonstrated that *B. cereus* infection also induces ICAM1 expression in the retina. Expression of ICAM1 is upregulated by a variety of stimuli including retinoic acid, oxidant stress, and the proinflammatory cytokines IL-1β, TNFα, and IFNγ \[[@CR39]\]. Lipopolysaccharide (LPS) was shown to induce expression of ICAM1 in human pulmonary alveolar epithelial cells through the TLR4/c-Src/NADPH oxidase/ROS-dependent NF-κB pathway \[[@CR40]\]. ICAM1 serves as the ligand for LFA-1 (Lymphocyte function-associated antigen 1integrin) on leukocytes \[[@CR14], [@CR15]\]. Leukocytes that bind to endothelium via ICAM1 / LFA-1 complex are able to initiate transmigration across the endothelial membrane \[[@CR41]\]. The finding that ICAM1 is upregulated in wild type, but not in TLR4^−/−^ eyes, correlates with our previous findings that neutrophil recruitment is decreased in TLR4^−/−^ eyes following infection \[[@CR8]\]. Interestingly, ICAM1 possesses signal-transducing functions that are associated primarily with proinflammatory pathways. Ligation of ICAM1 on the surface of endothelial cells elicits a signaling cascade resulting in production of IL-8 and RANTES (regulated on activation, normal T cell expressed and secreted) \[[@CR42]\], as well as additional ICAM1 in a positive feedback loop \[[@CR43]\]. Upregulation of ICAM1 early during infection and prior to PMN infiltration might indicate an additional role in signaling at this stage in addition to leukocyte trafficking.

Another gene product implicated in leukocyte migration, cysteine-rich protein 61 (CYR61), was also significantly upregulated following *B. cereus* infection. CYR61 is a modular protein that functions as a bridge between cells and the extracellular matrix, binding to integrins and to extracellular matrix proteins \[[@CR16]\]. CYR61 is primarily involved in regulating adhesion and chemotaxis, as well as angiogenesis \[[@CR16]\]. In contrast to the rapid and significant upregulation of CYR61 following *B. cereus* infection, Rajamani and colleagues did not observe upregulation of CYR61 until 12 h after intraocular infection with *S. aureus* \[[@CR29]\]. This finding correlates with the delay in neutrophil influx observed in *S. aureus* endophthalmitis as compared to *B. cereus* endophthalmitis. It is likely that CYR61 is upregulated in order to mediate neutrophil invasion following *B. cereus* infection of the eye. PTX3 was also upregulated following *B. cereus* infection, and is known to be produced in response to TLR engagement \[[@CR17]\]. PTX3 activates the classical complement pathway via C1q \[[@CR18]\]. Therefore it could be hypothesized that PTX3 might function to activate an anti-bacterial response to *B. cereus* intraocular infection. However, it is currently unknown whether complement plays a role in *B. cereus* endophthalmitis. While complement is present in the eye \[[@CR44]\], its absence did not alter the outcome in a mouse model of *S. aureus* endophthalmitis \[[@CR45]\].

SOCS3 is a negative regulator of cytokine signaling induced by IL-6, IL-10, and INFγ (mediators of both the MYD88-dependent and MYD88-independent TLR pathways). SOCS3 functions to inhibit STAT3 phosphorylation and this negative regulatory function prevents excessive activation of proinflammatory genes \[[@CR19]\]. The rapid and destructive inflammatory response observed following *B. cereus* infection suggests that SOCS3 may not adequately inhibit STAT3 phosphorylation in the cells in the retina which function as the initial responders. Wang et al. demonstrated that prolonged STAT3 activation occurs as a result of the IL-6 receptor associating with the epidermal growth factor receptor \[[@CR19]\]. This complex is capable of STAT3 activation but is not inhibited by SOCS3. *The pathogen Mycobacterium tuberculosis* directly activates SOCS3 and therefore inhibits NF-κB/rel-mediated proinflammatory cytokine production \[[@CR46]\], which functions to suppress the inflammatory response. It is currently unknown as to whether *B. cereus* is capable of directly activating SOCS3 in the retina, however the robust inflammatory response incited by *B. cereus* might override the inhibitory effects of SOCS3 activation.

LIF upregulation in response to *B. cereus* infection might serve to enhance the protection of the delicate, nonregenerative photoreceptors. LIF is an IL-6 regulated neurocytokine that is upregulated in Muller cells in response to retinal stress \[[@CR47], [@CR48]\]. Chucair-Elliott et al. demonstrated that LIF downregulates the expression of RPE65, which ultimately leads to a decrease in 11-cis-retinal, a chromophore that might be toxic in excessive amounts \[[@CR49]\]. *B. cereus* infection may be a stressor that results in upregulation of LIF in order to protect this layer of cells in the retina. While it is unknown which cells are expressing LIF at increased levels following infection, given that Muller cells upregulate LIF in response to stress \[[@CR47], [@CR48]\], Muller cells might serve as at least one of the cell types that produce LIF in response to *B. cereus* infection.

Induction of PTGS2/COX-2 during infection is mediated by TLR4 and NFκB (nuclear factor kappa-light-chain-enhancer of activated B cells) \[[@CR50]\]. This enzyme converts arachidonic acid to prostaglandin endoperoxide H2 (PGE~2~) and is expressed during inflammation. PGE~2~ has an immunomodulatory effect and serves to prevent the activation of neutrophils, which is an immune evasion strategy utilized by some bacterial pathogens. *Streptococcus pneumoniae* induces PGE~2~ production by human neutrophils and prevents activation \[[@CR51]\]. In a model of *Pseudomonas* pneumonia, lack of PTGS2/COX-2 was proven to be beneficial and resulted in increased clearance of bacteria from the lungs \[[@CR52]\]. The mechanism for this was linked to PGE~2~ inhibiting superoxide production by immune effectors and therefore hindering bacterial killing. PTGS2/COX-2 is usually an inflammation inducible enzyme not normally expressed in most tissues. However, PTGS2/COX-2 is constitutively expressed throughout both murine and human eyes \[[@CR53]\], in the cornea, iris, ciliary body, and retina. Wang et al. suggested that PTGS2/COX-2 might play a protective role in eye tumorigenesis. Significant upregulation of PTGS2/COX-2 and PGE~2~ synthesis in the retina following *B. cereus* infection might serve to modulate the function of invading neutrophils and prevent activation.

The fact that 15 genes associated with TLR4 activation were upregulated 5-fold or greater in C57BL6/J mice compared to uninfected control eyes, but were not induced in TLR4^−/−^ suggests that *B. cereus* is capable of activation of TLR4. This implicates a component of *B. cereus* as a novel ligand for activating the TLR4 receptor. TLR4 typically mediates the inflammatory response to LPS in conjunction with MD2 (lymphocyte antigen 96), CD14, and MYD88 \[[@CR54]\]. However, TLR4 has been shown to recognize additional exogenous and endogenous ligands, including respiratory syncytial virus, heat-shock proteins, fibronectin, fibrinogen, and hyaluronic acid \[[@CR55]--[@CR61]\]. Alternatively, *B. cereus* might instigate a response that results in the formation of an endogenous ligand for the TLR4 pathway. In the current study, we did not observe a transcriptional upregulation of any of the reported endogenous ligands. However, we cannot rule out the possibility that *B. cereus* infection might result in the posttranscriptional production or modification of an endogenous ligand.

The ability of *B. cereus* to activate both the TLR4 \[[@CR8]\] and TLR2 \[[@CR21]\] pathways might explain why *B. cereus* endophthalmitis results in an explosive inflammatory response that results in poor visual outcomes in affected patients. The early onset of TLR4-associated inflammation could play a key role in therapies designed to prevent further inflammation and damage to the sensitive and nonregenerative structures of the eye. This study identified retinal genes that were significantly upregulated early during *B. cereus* infection that might prove tractable as targets for intervention. However, inherent redundancies in these pathways and the potential for exacerbating inflammation might complicate the design of new therapeutics. Our study also presented key differences between the inflammatory mediators that are elicited by *B. cereus* and those by *S. aureus* \[[@CR29]\] following intraocular infection. Endophthalmitis severity and outcome as result of infection with these two pathogens is starkly different, and the results of this study shed light on the differences in types and timing of inflammatory mediator production that contribute to the distinctive courses and outcomes. Given the limitations inherent to microarray analysis for assessing global gene changes, future studies confirming these results by proteomics and the analysis of the severity of *B. cereus* infections in mice specifically deficient in these pathways will be required. Future studies will evaluate the retinal and global ocular inflammatory responses over the course of *B. cereus* endophthalmitis to identify pathway-based anti-inflammatory targets, specifically, those that are regulated by TLR4, and to identify the *B. cereus* produced or induced ligand for TLR4.

Conclusions {#Sec15}
===========

Our results have identified key proinflammatory and immunomodulatory mediators driven by TLR4 that may be important in regulating pro-inflammatory and protective pathways in the retina in response to *B. cereus* intraocular infection. These factors were upregulated early during infection and might serve as targets for new therapies. Our results also support the prospect that blocking the activation of TLR-based pathways might serve as alternative targets for Gram-positive endophthalmitis therapies in general.
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